The objective of reclamation of surface mined lands in the Athabasca Oil Sands Region in northern Alberta is to return the land to an equivalent land capability. The native soils disturbed by surface mining must be salvaged and replaced during reclamation in accordance with the current provincial legislation, consequently, the topsoil (LFH or Ah, Ahe, Ae, Oa, Oi, Oe horizons) and subsoil (B and C horizons) or upper two meters of organic soil are removed and stockpiled during overburden and resource extraction activities and are replaced over tailings sand or overburden during reclamation. The objective of this research was to assess the carbon (C) balance within the reclaimed landscape by monitoring the soil, biomass and dead organic matter carbon pools from the time of initial reclamation forward at the operations of Syncrude Canada Ltd. To achieve this objective C losses and gains were monitored through respiration and biometric assessments, respectively. These methods were then used to evaluate the C dynamics of various reclamation strategies and soil prescriptions compared to targeted natural undisturbed ecosites. Net C accumulation was determined using biometric measurement techniques for three years at several long-termmonitoring sites representing six soil cover prescriptions and three of the most common natural soil types. Measurements of the annual production of above and below ground C biomass and soil respiration were used to develop biometric estimates of net ecosystem productivity. The soil component comprised a substantially larger proportion of the total C pools in the reclaimed areas. The soil C pool was larger for all reconstructed sites with a peat-mix or LFH cap than for the natural sites, especially sites with mature tree stands 70 years of age or greater which had substantially more C stored in the above ground biomass than in the soil. Measurement of inputs to and output (losses) from the total C pool for reclaimed sites with different soil covers indicated that losses were nearly balanced by inputs in the early years following revegetation.
Introduction
Production from Syncrude Canada Ltd. surface mining operations in the Athabasca oil sands region north of Fort McMurray, Alberta began in 1978 (Macyk and Drozdowski 2008) .
Reclamation research has been ongoing since the early 1970's (Macyk et al. 1998 ) and has addressed issues associated with soil reconstruction and revegetation including the type and thickness of soil materials required and the evaluation of the suitability of a variety of introduced and native species including grasses, legumes, trees and shrubs. Soil capping research to achieve a level of soil quality that will assist in achieving equivalent land capability has been a major focus for Syncrude's reclamation activities.
One indicator of soil quality is its bioactivity, which is often characterized by the soil organic matter (SOM) or soil organic carbon (SOC) content (Molina et al. 1994) . Soil OC is recognized as an important component of soil quality through its influence on soil physical properties and the cycling of nutrients. Interest in SOM has expanded to include its role in the worldwide C budget and climate change (Elliott et al. 1994 ).
The goal of placement of soil covers in the reclamation sequence is to provide a suitable root zone for the target forest ecosystem. From a biological standpoint, the soil cap must provide a sufficient pool of nutrients to sustain the developing vegetation community until natural patterns of nutrient cycling are re-established (Barbour et al. 2007 ). Proper replacement of SOM is one of the most important steps in reclamation, and one of the key indicators of successful reclamation (Barbour et al. 2007) . Measuring the C stored in the soil and above-and belowground biomass can be a useful tool used to assess the success of the various soil capping prescriptions.
Changes in ecosystem C stocks occur predominantly through CO 2 exchange between the land surface and the atmosphere. Plant biomass, including the above-and below-ground components, is the main conduit for CO 2 removal from the atmosphere (IPCC 2006) . Large amounts of CO 2 are transferred between the atmosphere and terrestrial ecosystems, primarily through photosynthesis and respiration. Approximately half of the CO 2 taken up by plants through photosynthesis (referred to as gross primary production) is respired and returned to the atmosphere, with the remainder constituting net primary production (NPP). Net primary productivity; which is the total production of biomass and dead organic matter in a year, minus losses from heterotrophic respiration (decomposition of organic matter in litter, dead wood and soils) is equal to the net C stock change in an ecosystem (net ecosystem productivity (NEP)) (Curtis et al. 2002 , Gough et al. 2008 .
Land use and management influence NPP through a variety of anthropogenic actions such as deforestation, fertilization, soil handling practices and revegetation strategies. The objective of this research was to compare the change in C stocks in a reclaimed landscape to undisturbed natural areas at the operations of Syncrude Canada Ltd., and to develop and recommend reclamation strategies aimed to achieve post-mining equivalent land capability (Macyk et al. 2009a) . A necessary tool for understanding the flow of C within ecosystems is biomass.
Methods for quantifying the flow of C focus on stock changes in biomass associated with woody plants and trees which can accumulate large amounts of C over their lifespan. Biomass associated with non-woody herbaceous plants is relatively ephemeral, i.e., it decays and regenerates annually or every few years, therefore emissions from decay are balanced by removals due to re-growth making overall net C stocks in biomass rather stable in the long term.
In forest ecosystems, biomass is located in five major pools (Table 1) . Net ecosystem productivity can be estimated by measurements of above-and below-ground C biomass and soil respiratory losses. Includes all non-living woody biomass not contained in the litter, either standing, lying on the ground, or in the soil. Dead wood includes woody lying on the surface, dead roots, and stumps larger than or equal to 10 cm in diameter.
Litter
Includes all non-living biomass with a size greater than the limit for SOM and less than the minimum for dead wood, lying dead, in various states of decomposition above or within the mineral or organic soil.
Soils

Soil Organic Matter
Includes organic carbon in mineral soils to a specified depth (1 meter for this paper). Live and dead fine roots and dead organic matter within the soil that are less than the minimum diameter for roots and dead organic matter are included with SOM where they cannot be empirically distinguished.
Soil C refers to the total C in soil and it includes both inorganic and organic forms. Inorganic soil C is largely ignored when discussing changes in C stocks due to the long timescale required for inorganic forms of C to change and interact with atmospheric C. The OC content of mineral forest soils (to 1 m depth) typically varies between 20 to over 300 Mg C ha -1 depending on the forest type and climatic conditions (Jobbagy and Jackson 2000) . Organic C pools are not static due to differences between C inputs and outputs over time. Inputs are largely determined by forest productivity, the decomposition of litter and its incorporation into the mineral soil and subsequent loss through mineralization and respiration (Pregitzer 2003) . Soil respiration can be used as a parameter to compare the quality of the various reclaimed soil covers with the natural soils in the area as it is a basic indicator of soil quality or soil health (Doran and Parkin 1994) .
The bulk of biomass production (NPP) contained in living plant material is eventually transferred to dead organic matter (DOM) pools (i.e., dead wood and litter) therefore SOM tends to concentrate in the upper soil horizons, with roughly half of the SOC in the upper 30 cm layer.
Estimating the C dynamics of DOM pools allows for increased accuracy in the reporting of where and when C emissions and removals occur. Some DOM decomposes quickly, returning C to the atmosphere, but a portion is retained for months to years to decades. Dead organic matter and SOM stocks are influenced by land use and management activities that affect litter input rates and decomposition and SOM loss rates. Reclamation strategies that include the establishment and maintenance of a healthy vegetation cover will result in continued addition of C to the system. This paper describes the research undertaken by the Alberta Research Council on behalf of and funded by Syncrude Canada Ltd. to assess the C balance within the reclaimed landscape and undisturbed natural areas using the methodologies described in the 2006 IPCC Guidelines for National Greenhouse Gas Inventories wherever possible.
Materials and Methods
Study Area
Syncrude Canada Ltd. is located approximately 40 km north of Fort McMurray, Alberta.
The area is characterized by a cool temperate climate with a mean annual air temperature of 1.1°C and a mean annual precipitation of approximately 342 mm of rainfall and 156 mm of snowfall (Macyk et al. 2009b) . Monthly mean air temperatures range from 17.7°C in July to -18.1°C in January (Macyk et al. 2009b) . Table 2 ).
The sites selected for this project represent the various soil capping prescriptions used for reclamation at Syncrude (Table 3) Table 2 provides the names/numbers and descriptions for the reclaimed and natural sites evaluated in this study. Site names will appear in italics for the remainder of this paper. At each of the sites evaluated, efforts were made to derive biometric estimates of annual C storage by measurement of major C pools and fluxes as presented in Table 4 .
Biometric Measurements
Changes in C storage can be assessed based on a number of factors relating to above-and below-ground biomass, DOM and SOM (IPCC 2006) . The fundamental basis for the methodology assumes that the flux of CO 2 to or from the atmosphere is assumed to be equal to changes in C stocks in existing biomass and soils. The changes in C stocks relative to the different C pools can be determined using the equation provided below. Above-and below-ground biomass Above-ground C stored in wood was assessed annually at all sites using allometric equations relating breast height and basal tree diameters measured in the sampling plots and species specific density and expansion factors for branch and leaf/needles developed for Alberta species (Table 4) 
(Alberta Environment 2007).
Biomass C associated with the lower canopy vegetation includes trees and shrubs that are <1 m in height and excludes the non-woody herbaceous ground cover. Below-ground C stored in roots was estimated using allometric equations relating above-ground woody mass to below ground woody mass for specific species (Table 5) At each of the sites a soil sample equivalent to the volume occupied by the cylindrical chamber collar (8.9 x 20 cm) was extracted at the conclusion of monitoring in October. Total C and nitrogen (N) were determined in a LECO ® CN-2000 CNS Analyzer (Leco 1993).
Soils
Surface SOC was determined at each of the reconstructed and natural sites by extracting a soil plug equivalent to the volume occupied by a retrofitted cylindrical collar (20.3 x 10.8 cm).
In addition, core samples (8.9 x 10 cm) were obtained to approximately 1 m at each reclaimed and undisturbed location. Samples were obtained in 10 cm intervals down to 1 m and stored in plastic bags at 4°C until delivered to the laboratory for analyses. The samples were collected in a manner that resulted in complete characterization of the soil cap and at least one interval of the underlying tailings sand at the reclaimed sites.
Results and Discussion
Carbon Reservoir
The above-ground biomass, below-ground biomass, DOM (litter) and soil C pools combined constitute the C reservoir for the natural and reclaimed sites evaluated. Table 2 for descriptions of sites evaluated   238   0   20   40   60   80   100   120   140   160   07  08  09  07  08  09  07  08  09  07  08  09  07  08  09  07  08  09  07  08  09  07  08  09  07  08 which is 22 years old had values ranging from 57 to 99 Mg C ha -1 . It is interesting to note that a substantial portion of the above-ground C pool at the upper pine site can be attributed to the shrub cover.
The data indicate that there was a wider range in above-ground shrub biomass values at the reclaimed sites than at the natural sites (Figure 2 ). With the exception of the Natural Peat Bog
Site 29, the lowest value reported for the natural sites was 0.380 Mg C ha -1 for Natural Site 30.
The values ranged from 0.88 to 3.34 Mg C ha -1 for the remaining natural sites demonstrating the extent of the shrub cover at these "mature" sites. The reclaimed sites were extremely variable. In general, the soil C pool is larger for all reconstructed sites with a PM or LFH cap than for the natural sites. The reconstructed soils with the secondary material cap or with windblown tailings sand at the surface have SOC values slightly lower than the natural soils.
The fact that the reconstructed sites with a peat mix or LFH cap have high soil carbon pools suggests that the reconstructed sites have the ability to sustain productive plant communities in the long-term. Table 6 Annual respiration rates based on the soil carbon levels were slightly higher for the natural soils than the reclaimed soil covers. The results indicate that the replaced peat-mixes and LFH materials are breaking down and releasing nutrients for use by the developing ecosystem and functioning similar to the natural soils. shrubs increases in size there will be an exponential increase in accumulation and storage in the above-ground C biomass pool which will result in increased annual needle, leaf, and root input to the soil pool, and organic matter cycling will shift from being largely based on the peat-mix or LFH cap to being driven primarily by the accumulated layer. 
Conclusions
The soil component comprised a substantially larger proportion of the total C reservoir in the reclamation soil covers. The proportion varied for the different sites based on soil reconstruction technique, vegetation cover established, and age of the site. The soil C pool was larger for all reconstructed sites with a peat-mix or LFH (forest floor) cap than for the natural sites, especially sites with mature tree stands 70 years of age or greater. These results demonstrate the importance of a peat-mix or replaced LFH (forest floor) layer in the placement of soil covers in reclaimed areas and suggest that reconstructed sites with these covers have the ability to sustain productive plant communities in the long-term. Measurement of inputs to and output (losses) from the total carbon pool for the reclaimed sites with different soil covers indicated that losses were almost balanced by inputs in the early years following reclamation and revegetation.
